The cell division rhythm in Eugkia gracilis Klebs (Z strain) freeruns with a circadian period (30.2 + 1.8 hours for 156 monitored oscillations) in aerated, magnetically stirred, 8-liter, axenic batch cultures grown photoautotrophically at 25°C in LD: 3,3, (7,500 lux, cool-white fluorescent) 6-hour light cycles from the moment of inoculation. Cell number was measured at 2-hour intervals with an automatic fraction collector and Coulter Electronic Particle Counter. At different circadian times throughout the 30-hour division cycle, 3-hour light perturbations were imposed on free-running cell populations by giving light during one of the intervals when dark would have fallen in the LD: 3,3 regimen. Using the onset of division as the phase reference point, the net steady-state phase advance or delay (±4) of the rhythm was determined after transients, if any, had subsided (usually in one or two days) relative to an unperturbed control culture. Both +A4 and -A0 were found, with maximum values of approximately ±11 to 12 hours being obtained at circadian time (CT) 20 to 22 (the 'breakpoint'); little, if any phase shift occurred if the light signal was given between CT 6 and CT 12. The phase-resetting curve obtained by plotting new phase ()') versus old phase (4) was of the type 0 ('strong') variety. Light perturbations, no matter when imposed, engendered new phases which mapped to a relatively restricted portion (CT 6 to CT 13) of the circadian cycle.
type (33) to those exhibiting limit cycle behavior (18, 21, 23, 40) . Additionally, the role of 'quantal' cells cycles (2, 19) and circadian oscillators (1, 7, 8, 10) and their interaction with the CDC5 have been considered.
Inherent in these models for cell cycle oscillators is the phenomenon of phase perturbation: The response of cells to external influences is often strongly dependent on the time of the CDC at which the agent is imposed. Thus, synchronous cultures of eukaryotic unicells, such as the ciliate Tetrahymena pyriformis (32, (42) (43) (44) (45) or the fission yeast Schizosaccharomyces pombe (31, 45) , and of animal cells, such as mouse fibroblast L cells (28) all exhibit increased division setback (or "excess division delay") to heat shock and to a variety of chemical agents applied at progressively later times during their CDC. Perhaps more germane is the finding in Schizosaccharomyces (36) that the same agent can produce delays when imposed at one point of the CDC but advances when given at another: indeed, Klevecz and co-workers have discovered that synchronous mammalian V79 cells perturbed by serum (22) , heat shock (23) , or ionizing radiation (21) at 0.5-h intervals across their 8.5-h CDC display a biphasic, 4-h PRC comprising both advances and delays m subsequent cell divisions.
Despite these investigations, however, and chiefly for technical reasons, a detailed PRC for any circadian mitotic clock has been lacking. Inasmuch as the algal flagellate Euglena gracilis (Z) has a well-defined circadian system with many mapped persisting circadian rhythms (6, 9, 12) , and because one of themost intensively studied periodicities has been that of cell division (5, 7, 10), we undertook an investigation to explore further the relation between the CDC and the circadian cycle in this organism. This study reports the derivation of a PRC for the phase-shifting effects of light pertubations on the freerunning rhythm of cell division in Euglena.
Discussions of cell cycle control mechanisms (for reviews, see 10, 15, 16, 26, 29) include the notion of timers and clocks in regulating cell cycle sequences culminating in mitosis and cell division (10, 19, 27 Stepsizes (ratio of number of cells/ml following a division 'burst,' or step, to that just before onset of division are indicated just to left of successive steps. Period (T) of oscillations (hours between successive onsets of cell number increase), is given to right of each division step. Culture A is entrained by LD: 12,12 cycle to a precise 24-h period; culture B is free-running with a circadian period here averaging 30.4 h. 6The 3-h light and dark signals comprising the LD: 3,3 regime may not be without some effect, perhaps explaining the longer T than is usually observed in most circadian systems (K. A. Adams and L. N. Edmunds, Jr., in preparation). If so, this might necessitate minor modifications in (a) the circadian time axis (and, hence, the normalization used); (b) the precise calculation of the actual CT of the pulses; and (c) the positioning of the breakpoint ofthe PRC, possibly moving it closer to CT 18.6, the breakpoint of the classical Drosophila eclosion system (30) . and that projected for the rhythm before it was perturbed was measured and taken to be the phase-shift engendered by the light signal (see Fig. 3 ). 
RESULTS
Characterization of the Free-Running Circadian Rhythm of Cell Division. Growth curves for typical cultures of Euglena dividing synchronously in a reference LD: 12,12 cycle and in the experimental LD: 3,3 short-period (T = 6 h) regimen are shown in Figure 1 . In the former cycle, the rhythm is directly synchronized, or entrained, to a precise 24.0-h period, matching that of the imposed Zeitgeber. The population approximately doubles (ss = 2.00) during each dark interval until limiting light intensities are reached (due to mutual shading by the cells); but even when ss < 2.0, the period as displayed by the population averages 24 h (4, 1 1). In the LD: 3,3 regimen, however, a different situation obtains: the cell division rhythm freeruns, exhibiting a period of approximately 30 h. These longer periods are similar to those found also in other short-period (such as LD: 1/3,1/3 or LD: 1,1) and even 'random' light cycles (1 1, 13, 24) and are in striking contrast to the precise 24-h periods observed under directly entraining LD cycles (for example, LD: 8,16 or LD: 10,14) having driving periods of 24 h (Table I) .
A 30 h period by a 5-fold frequency demultiplication of the shorter, 6-h driving period was not occurring.) This value for the freerunning period for all intents and purposes was independent of the amplitude of the rhythm (Fig. 2, C) : T was conserved over ss ranging between 1.12 and 2.20. Similarly, the duration of the fission burst during any given oscillation was relatively unaffected by ss over the range 1.4 to 2.0 (Fig. 2, B) . Values of T over the entire range of cell concentration utilized in our batch cultures, therefore, could be taken with confidence.
Derivation of a Phase-Response Curve for Light Signals. Once the free-running rhythm of cell division in LD: 3,3 had been characterized, it was systematically scanned by single 3-h light perturbations (replacing a given dark interval in the LD cycle) imposed at different subjective CT (corresponding to different phases of the 30-h CDC). Two such phase-shifting experiments, with signals being given at CT 0 (corresponding to the beginning of the CDC at the onset of light in a reference LD: 12,12 cycle) and at CT 19.6 (middle of the division burst), are illustrated in Figure 3 . In both cases, a large phase shift occurred but ofopposite sign (+ 12.0 h and -8.0 h, respectively, on a real-time scale). The experiments were facilitated by the high stability of the freerunning period, both before and after the light perturbation.
This type of experiment yielded a family of 20 curves from which a classic phase-response curve (30, 41) was generated (Fig.  4) . It comprised a portion of (CT 22 to CT 6) yielding phase advances as great as 11 to 12 h, a plateau (CT 6 to CT 12) relatively "insensitive" to light perturbations, and a descending limb (CT 12 to CT 20) giving phase delays. The discontinuity, or "breakpoint" ("phase-jump"), inherent in this type of plot lay between CT 20 and CT 22, where delays became advances. If all phase shifts were treated alternatively as delays (with the advances being displaced 3600), the breakpoint would disappear and one would obtain a smooth, monotonic form of the PRC. The precise positioning of the PRC was dependent on two factors. By convention, we used the midpoint of the light signal as the CT of the pulse, but if we had instead chosen the onset (or end) of the signal, the PRC would have had to be translated by -1.2 h (or +1.2 h) CT. In the second place, the determination of the time of the onsets of division (4)R) and the projection of the phase of the unperturbed rhythm were sources of error which could lead to a distortion of the PRC. We estimate that the coordinates of individual experimental points could vary by CT ± 0.8 h and AO ± 1.6 h, explaining, for example, the scatter of the AO) values at CT 
20.
The periodic nature of the PRC for the cell division rhythm is illustrated in Figure 5 (upper panel) in which 3.5 cycles have been plotted (cf. Fig. 4) . If the data are transformed so that the new CT (41) achieved after the light signal has been imposed is plotted as a function of the old CT (4) at which the signal was given, a sinusoidal curve is obtained (Fig. 5, lower panel) . The fact that the average slope of this transformed curve is approximately zero classifies the PRC as type 0 ("strong"), following the scheme of Winfree (41) .
Finally, Figure 6 depicts a highly diagrammatic mapping of the CT at which the 3-h light perturbations were imposed to the new CT that were attained after transients had subsided. This type of plot clearly illustrates that no matter at what CT the system is perturbed, the ensuing phase shift (if any) results in a new CT that is restricted to a relatively narrow zone between CT 6 and CT 13 (the light-insensitive plateau of the PRC), which corresponds to the second quarter of the 30-h CDC (that is, to the 7-to 8-h interval preceding the onset of cell division in the population, comprising the S and G2 phases of the CDC). DISCUSSION The results of these studies provide for the first time a detailed PRC for the phase-shifting effects of light perturbations for a circadian rhythm of cell division in Euglena, and, indeed, in any other synchronously dividing population of unicells; however, it is well known that appropriately chosen light (and temperature) cycles can synchronize cultures of numerous microorganisms (for reviews, see 1, 6, 7, 10, 39) and that light can reset circadian division rhythms in many other algae also, such as the dinoflagellate Gonyaulax (17, 25, 38) .
In all experiments, we utilized a short-period (T = 6) LD: 3,3 light regimen to elicit the free-running rhythm. This cycle was chosen because it provides the same total duration of illumination of identical intensity within a 24-h timespan as a reference entraining LD: 12,12 cycle, yet affords no information with regard to 24-h periodicities. It can be imposed on the culture from the moment of inoculation-no prior entrainment by a 24-h LD cycle is necessary: presumably the first dark interval(s) initiates the rhythm in the population (13; cf. 11, 24) . Furthermore, it elicited a remarkably precise, reproducible, and stable period of approximately 30.2 h (varying among different strains) which was virtually independent of the percentage of cells dividing during any given burst (over values of ss ranging between 1.2 and 2.2). Thus T is conceptually distinct from g (population doubling time) and from the length of the CDC of individual cells (7, 10) . Moreover, freerunning circadian rhythms of motility (35) , photosynthetic capacity, and Ch concentration (13, 24) have been observed also in cultures of Euglena maintained under this or similar short-period LD cycles during both the exponential and stationary (infradian) growth phases.
In contrast to the detailed studies of the effects of heat shocks given at different times during the much shorter free-running division cycles of protozoa (32, (42) (43) (44) (45) and yeast (31, 44) 3, 3 . That the phase advances reflect actual accelerations of the CDC is reflected in the growth curves (Fig. 3, B) : the cell titer following the light pulse and subsequent transients is higher than the simultaneous cell concentration of a parallel, unperturbed control. Although this might be attributed to the additional energy for photosynthetic growth afforded by the 3-h light signal itself, the same signal given at other CT results in a reduction in growth (titer achieved), lengthening of the CDC, and a phase delay in the cell division rhythm (Fig. 3, A) . An additional implication of these data (and suggested also by the cell cohorts that do not divide during a given division burst in an unperturbed population) is that the circadian clock continues to function and measure time even though mitosis may be skipped during a particular circadian cycle.
The PRC for cell division in Euglena (Fig. 4) comprises a large advance portion during the late subjective night (CT 22 to CT 24) and early subjective day (CT 0 to CT 6), a "plateau" segment (CT 6 to CT 12) relatively insensitive to light signals, a strong delay portion (CT 12 to CT 22) during the subjective night, and a breakpoint, or phase-jump (at approximately CT 22, or perhaps earlier) where the sign of the engendered phase shift reverses. Its general form is remarkably similar to that found for the PRC for a variety of other circadian rhythms in Drosophila and other lower organisms (30, 41) . It also resembles those derived for the rhythms of phototaxis (14) and dark motility (35) in Euglena, if allowances are made for the different methods used in plotting. (Note that the precise positioning of our PRC along either axis could vary by 2 or 3 h, particularly if the LD: 3,3 cycle is assumed to have some effect on the rhythm.) If all phase shifts elicited by the light perturbations are treated as delays, a smooth monotonic curve is obtained, with a maximum delay of the rhythm (approximately equal to t) being found at CT 6. Whether or not the discontinuity in the PRC is "real" (in the sense of reflecting some discrete metabolic change in the cellular oscillator) or merely an "artifact" in plotting the data is still an open question (41) , although it is tempting to speculate about short "trigger-phase" intervals leading to mitosis. Finally, the PRC falls into the class denoted by Winfree (41) as type 0 (or strong), as is seen most readily by plotting the new phase achieved (4/) following a light-induced phase shift as a function of the CT (4) at which the perturbation was administered (Fig. 5, lower panel) : A sinusoidal oscillation is obtained with values of 4' falling into a zone ranging between CT 6 and CT 13.
Several other interesting features of the PRC emerge. In the first place, the CT at which increasing delay or maximum advance phase shifts are achieved correspond, respectively, to the position of the CDC during which division occurs (commencing at approximately CT 12) and to the first few hours of the G1 phase (This correspondence cannot be resolved precisely, however, inasmuch as the values of ss for the division cycles perturbed by light signals occasionally were a little less than 2.00 jss = 1.91; see Table I ], indicating some heterogeneity in CDC states within the population.) These times, furthermore, are exactly those when the free-running rhythm of photosynthetic capacity (13, 24) in LD:
3,3 displays the lowest values; maximum values (CO2 fixed/cell/ h) occur at the very time (CT 6 to CT 12) that 3-h light signals are virtually ineffective in phase shifting the cell division rhythm. These observations demonstrate that although light is needed as a substrate for photosynthesis and the progression of the CDC in photoautotrophically cultured Euglena, it serves a quite distinct and separable function in phase shifting and entraining the circadian oscillator(s) hypothesized to underlie the circadian rhythm of cell division (7, 10) , whose rhythmic sensitivity to light signals is reflected in the PRC. Finally, our data show ( Fig. 6 ; cf. imately CT 6 and CT 13 (the second half of the subjective day, prior to the onset of division and corresponding to the S and G2 CDC phases [4, 10] ).
We have no evidence, despite our relatively detailed PRC, that a higher frequency quantal component (Gq) exists for Euglena, as has been suggested by Klevecz (19, 20) for mammalian cells on the basis of biphasic PRC obtained for serum pulses, heat shocks, and ionizing radiation administered at different intervals during the CDC (21) (22) (23) . (Of course, the "gating" of cell division to circadian "windows" constitutes a quantizement of g in itself,
where Gq = t.) Indeed, Sweeney (37) has suggested that this possibility of Gq cycling has been excluded in the large, slowly dividing (g = 5 to 6 d) dinoflagellate, Pyrocystisfusiformis Murray, in which five morphological stages of the CDC in addition to division all appear to be gated, or phased, by a circadian clock in isolated cells. As Klevecz and co-workers (19, 23) have cautioned, however, heterogeneity of cell generation times in populations of cells makes the detection of a short Gq difficult in lines having longer values of g.
The derivation of a PRC for the cell division rhythm in Euglena now allows us not only to proceed with a formal analysis (30, 41) of the putative light-sensitive circadian oscillator and its entrainment by light cycles (and other Zeitgeber), but also to undertake other experimental lines of investigation on its mechanism. It would be particularly interesting to know whether or not a similar PRC could be obtained for pulses of inhibitors of metabolism and macromolecular synthesis, as has been done with cycloheximide for the CDC of Schizosaccharomyces (31) and Physarum (34) , and most recently for the circadian rhythm of bioluminescence in Gonyaulax (3, 39) , in which the PRC thus obtained was similar to that for light (39) .
